Mechanical behavior of the thromboembolus is one of the key factors that determine the efficacy of thrombectomy devices for revascularization in AIS. We characterized the mechanical properties and composition of thromboemboli from clinical cases and compared them with commonly used EAs.
W
ith growing experience of penumbral imaging for patient selection and newer, more effective mechanical revascularization devices, alternative endovascular therapy for AIS has become a viable treatment option. 1 There are presently 2 devices available in the United States for thrombectomy in AIS, and many other technologies are under evaluation. These devices produce recanalization in 50%-82% of cases. 2, 3 Currently, it is poorly understood what variables predict successful recanalization. Biomechanical characterization of the thromboembolus is helpful in device development.
Preclinical evaluation of thrombectomy devices measures efficacy and safety in animal or in vitro vascular occlusion models. [4] [5] [6] [7] Common end points of these studies are the number of thrombectomy attempts, the amount of EAs removed from the occlusion site, and the risk of distal embolic shower. 5, 6, [8] [9] [10] All of these metrics are significantly affected by the mechanical properties of the EAs, an often overlooked component of the testing system. In the literature, there are many protocols to manufacture EAs, and common variables include the donor species, concentration of thrombin, and radiopaque additive such as barium sulfate. 6, [9] [10] [11] [12] [13] Variation of hematologic values among different donors along with the pH and ionic strength of the clotting environment result in different structure and composition of the EAs. [14] [15] [16] [17] [18] This leads to the hypothesis that commonly used EAs have different mechanical properties. Two recent studies reported the composition of emboli retrieved from the stroke patients, 19, 20 and substantiated the structural and compositional variations between the in vivo emboli and in vitro EAs. 21 However, the mechanical properties of EAs and how they relate to thromboemboli from patients has not been studied.
The goal of this study is to compare the mechanical prop-erties (stiffness and elasticity) and composition of thromboemboli from patients with EAs made in the laboratory.
Materials and Methods

Collection of Thrombi from Patients
All human specimens were collected with approval from our Institutional Review Board. Nine thromboemboli were obtained from the ICA or MCA of 4 stroke patients by aspiration and were prepared for material characterization. Because debris from atherosclerotic plaques and atrial fibrillation are well documented as important sources of emboli to cause AIS, 22, 23 26 atherosclerotic plaques obtained during CEA and 1 atrial appendage were collected. Materials loosely attached to the luminal surface of the plaques and red thrombi found under the fibrous cap were considered potential sources of cerebral emboli and therefore harvested. After careful examination under the microscope, 13 thromboemboli in total were extracted from 7 asymptomatic and 1 symptomatic plaque (8 patients) . Clinical data of the patients and details of thromboemboli are provided in the On-line Table, where the tested specimens were numbered by the procedure type (C, carotid endarterectomy; A, aspiration in acute ischemic stroke) followed by an integer denoting the order in which the embolus was obtained.
Preparation of EAs
The effects of thrombin and barium sulfate on the stiffness and elasticity of the bovine, porcine, and human EAs were studied. The donor species, concentration of thrombin (0, 2.5, and 5 NIHU/mL blood), and presence of barium sulfate (0 and 1 g/10 mL blood) were selected based on those commonly used for EA preparation in previous work (Fig 1) . 5, 6, [9] [10] [11] [12] Without the presence of thrombin, spontaneous coagulation was initiated by mixing bovine, porcine, or human whole blood/ACD mixture (10:1) and calcium chloride (97 mmol/L) at a 5:1 ratio. Based on the species divergence of structure and function in fibrinogen 18 and specificity of the thrombin-fibrinogen interaction, 17 bovine thrombin (T-7513; Sigma, St. Louis, Missouri) was used to initiate fibrin formation in bovine and porcine EAs, whereas human thrombin (T-6884; Sigma) was used in human blood samples. Thrombininduced clotting was conducted by simultaneously injecting whole blood/ACD mixture (10:1) and calcium chloride (97 mmol/L)/ thrombin solution (1 NIHU thrombin/4 L solution) into silicone tubing (6.35 mm inner diameter) to give blood mixtures with final thrombin concentration of 2.5 and 5 NIHU/mL blood. Before injection, silicone tubing was rinsed with 70% alcohol followed by 0.9% saline. The radiopaque EA was created by adding 1 g of barium sulfate into the 10-mL blood mixture that had a thrombin concentration of 2.5 NIHU/mL blood. 12 All EAs were aged in saline at room temperature for 1 day before characterization.
Mechanical Characterization
DMA (Q800; TA Instruments, New Castle, Delaware), which has a force resolution of 0.00001 N and a strain resolution of 1 nm, was used to explore the stiffness and elasticity of the thromboemboli and EAs. Stiffness is a material characteristic that describes the resistance to deformation under an applied load. Elasticity, in contrast, is the ability of a material to return to its original shape after being deformed. All mechanical examinations were conducted by using a submersion compression clamp within saline at 37°C. The EAs were cut to have a height of 2 mm, and a caliper having a resolution of 0.1 mm was used to measure the diameter of the EA. The specimens retrieved from patients had an irregular shape and were carefully trimmed under a microscope to have a height between 1 and 2 mm. To prevent test material (thromboemboli or EAs) from slipping, 220-grit sandpaper was adhered to the compression disk.
In the controlled force mode, the test materials (a minimal sample size of n ϭ 5 for each group) were first subjected to a preload force of 0.0001 N, followed by a compression force ramp from 0.0001 to 15 N at a rate of 0.5 N/min. The deformation of the test material caused by the compression stress was presented by the engineering S-S curve. Onset point, which is the intersection of the initial tangent line with the final tangent line, was recorded to determine the strain at which a change in the slope of the S-S curve occurred. Stress is defined as force over surface area, and strain refers to deformation (percent change in sample height). To quantitatively describe the deformation of the test material under the compression force that simulates the large strain induced by the thrombectomy devices during treatment, stress variation over a range of strain (the slope of the S-S curve) was calculated.
The resulting E intitial strain-end strain is an indication of material stiffness. Area under the S-S curve, which represents the energy required to deform the material, also was calculated.
In the stress-relaxation mode, the test materials were subjected to an initial strain of 60% for 5 minutes, followed by a recovery period of 15 minutes. The strain recovery (percentage), a measure of material elasticity, was acquired.
Histologic Assessment
Thromboemboli and EAs were fixed in a 10% buffered formalin solution for 48 hours. Specimens were then embedded in paraffin wax and cut into 5-m sections. Sections were dewaxed and hydrated with distilled water in preparation for a modified version of the MSB method for staining fibrin, collagen, and erythrocytes. 24 Alternating sections were stained with H&E.
SEM
Thromboemboli and EAs were fixed with 2.5% glutaraldehyde and dehydrated in a series of ethanol concentrations up to 100%. To observe the interior of the specimens, they were frozen in liquid nitrogen and fractured. Samples were critical-point-dried, mounted, and sputter-coated with iridium for SEM observation. EDS was performed on 2 samples.
Statistical Analysis
Data were presented as mean Ϯ standard error of the mean. The unpaired t test was performed to compare the means of the noncalcified plaque materials and cerebral emboli retrieved from the AIS patients. One-way analysis of variance followed by a Dunnett or Tukey posttest was used to determine significance between patients' thromboemboli (control) and EAs or between the EAs, respectively. Statistical significance was set at P Ͻ .05. Statistical analysis was performed by using Prism software (GraphPad Software, San Diego, California).
Results
Composition and Structure of Patients' Thromboemboli
From September 2009 to May 2010, 26 atherosclerotic plaques, 1 atrial appendage, and 9 cerebral thromboemboli were collected from 31 patients. Thirteen thrombi were harvested from 8 plaques collected at CEA under a microscope; no thromboemboli were found in the atrial appendage. Of the 13 specimens obtained from the CEA, 7 where adherent to the lumen of the vessel, and the remaining specimens were found under the fibrous cap. In total, 22 clinical specimens from 12 patients (mean age, 70 years) with an average thickness of 1.43 Ϯ 0.11 mm and surface area of 6.22 Ϯ 0.97 mm 2 were characterized (On-line Table) . Figure 2 illustrates 2 representative patients who underwent thromboemboli extraction by aspiration or surgical removal. Based on composition and mechanical properties, we found that thromboemboli harvested from the patients can be classified into 3 categories: 1) calcified, 2) aged, and 3) red thromboemboli. The calcified thromboemboli (specimen numbers C2 and C7, On-line Table) had large amounts of calcium-phosphate apatite (Fig 3A) . Aged thromboemboli having a dark reddish brown color and loosely attached to the vessel lumen had highly compact structures that consisted of old fibrin, adhesive proteins, connective tissue, and other cells, such as erythrocytes and platelets (Fig 3B, -C) . In contrast, red thromboemboli (Fig 3D, -F) were composed of an aggregation of erythrocytes (yellow in Fig 3D) trapped in the fibrin network and leukocytes dispersed throughout the thromboembolus (Fig 3E) . At higher magnification, a red thromboembolus from an AIS patient showed that the cellular components were arranged in a specific lamellar pattern ( Fig  3F) .
Biomechanics of Patient Thromboemboli
The S-S curves of the calcified thromboemboli showed an early onset point (42.9 Ϯ 8.0%) and small strain under a 15-N load (the highest force experienced by the sample), compared with the aged and red thromboemboli (Fig 4) . High stress was required to cause 45% strain in the calcified thromboemboli compared with other specimens. Aged thromboemboli collected during CEA had a later onset point (85.4 Ϯ 0.9%) and larger strain under a 15-N force (Fig 4) . The stiffness of the aged thromboemboli (E 0%-45% ϭ 0.17 Ϯ 0.039 MPa) was be- The average E 0%-75% and E 75%-95% values of the thromboemboli retrieved from the AIS patients were 0.04 Ϯ 0.01 and 0.43 Ϯ 0.06 MPa, respectively, whereas those of the noncalcified thromboemboli obtained from the CEA plaques were 0.11 Ϯ 0.037 and 1.60 Ϯ 0.50 MPa, respectively. It should be noted that large variations in E 0%-75% and E 75%-95% were seen in the CEA thromboemboli (Fig 5A) reflecting the inhomogeneity of the structure and composition of these materials. Stress relaxation tests, only performed in the red thromboemboli of AIS patients, revealed the average strain recovery of 32.9 Ϯ 2.3% (Fig 5B) . It was not possible to perform the stress relaxation measurements in the calcified material due to the high force required to reach 60% strain that could have damaged the equipment. Furthermore, the strain recovery of the aged thromboemboli was immeasurable due to fragmentation.
Composition, Structure, and Biomechanics of EAs
A layer of attenuated fibrin mesh was formed on the outer surface of the in vitro EA against the silicone tubing (Fig 6A,  -C) , and the EAs were mainly composed of homogeneously dispersed erythrocytes with several interspersed fibrin bands (Fig 6B, -D) . The average onset point of these erythrocyte-rich EAs analyzed under DMA-controlled force mode (n ϭ 65) was 89.1 Ϯ 0.6%.
Overall, bovine EAs showed the highest stiffness followed by porcine and human EAs (Fig 7) . Without addition of thrombin, E 0%-75% and E 75%-95% of bovine EAs were statistically higher than those of porcine and human EAs (P Ͻ .05). However, there was no significant difference in stiffness between EAs made from porcine and human blood (Fig 7A, -B) . Increases in stiffness and elasticity of human and porcine EAs were found when thrombin was present at a concentration of 5 NIHU/mL blood (P Ͻ .05) (Fig 7A-C) . Elasticity of the thrombin-induced porcine EAs was higher than that of the thrombin-induced human EAs (P Ͻ .05) (Fig 7C) . Compared with the counterparts of the bovine and human EAs, thrombin-induced porcine EAs retracted the most (data not shown). Addition of thrombin resulted in increases in E 0%-75% and elasticity of human EAs (P Ͻ .05) (Fig 7A-C) . In the absence of thrombin and barium sulfate, the bovine EAs had strain recovery of 30.3 Ϯ 2.5%, whereas strain recovery in human bloodderived EAs was immeasurable due to their fragile nature. Less EA shrinkage and a significant decrease in elasticity (P Ͻ .05) were found in all barium sulfate-containing EAs (Fig 7F) . Due to the immiscibility between barium sulfate and blood, barium sulfate precipitation at the bottom of EAs was observed. However, the accelerated clotting process induced by thrombin improved the homogeneity of barium sulfate dispersion. The structure of the barium sulfate-impregnated EAs is shown in Fig 6E, -F. The area under the S-S curve from initial to 95% strain increased with the addition of barium sulfate, indicating the EAs became tougher (Fig 7G) .
A series of comparisons between the different types of EAs and emboli obtained from patients showed recalcified porcine EAs and thrombin-induced (5 NIHU/mL blood) human EAs are similar to cerebral emboli retrieved from the AIS patients in terms of stiffness and elasticity (P Ͼ .05). The thrombininduced bovine EAs (2.5 and 5 NIHU/mL blood) and thrombin-induced porcine EAs (5 NIHU/mL blood) best represent the plaque material collected at CEA.
Discussion
Embolus characteristics in terms of mechanical properties, composition, and structure are important in the endovascular treatment of AIS. Recently, manual elongation tests were performed by using forceps to stretch EAs in an effort to understand their mechanics. 4 In this present work, stiffness and elasticity of the in vitro EAs were quantitatively measured and compared with the clinical thromboemboli that they are intended to represent.
From the human specimens, we were able to ascertain a large variation of bulk mechanical properties associated with heterogeneous composition. Some of this variability was inherent to the sample population, which included both emboli retrieved from patients in the acute phase of the stroke and material from CEA. Most CEA specimens were attached to the lumen of the plaque and represent potential stroke-inducing emboli. The other CEA specimens were located immediately under the fibrous cap, and though it is possible that these materials could lead to an artery-to-artery embolism after plaque rupture, we assume that this is an unlikely event. The   Fig 2. A 65-year-old man (patient 5) presents with an AIS due to MCA occlusion and associated right ICA origin segmental stenosis (Ͼ90%) with intraluminal clot (A, arrow). The clot (B) is removed by using the aspiration device for characterization. A 53-year-old man (patient 11) with transient ischemic attacks has a clot located at the carotid bifurcation (C). After CEA, red thrombus (D) is collected for mechanical and structural analyses. EDS scan (inset) . B, An aged embolus has a compact structure with fissures that were occupied by the cholesterol crystals (arrows) and fibrin at the edge of the specimen (star). The SEM findings are related to the MSB result (ϫ20; bar ϭ 100 m) shown in C. D, MSB results show that a red embolus is mainly composed of fibrin and erythrocytes (old fibrin in blue, erythrocytes in yellow, and erythrocyte-fibrin mixture in red) (ϫ2, bar ϭ 1 mm). E, Photomicrograph of a red embolus retrieved from the stroke patient (H&E ϫ10, bar ϭ 200 m) reveals that the leukocytes are distributed throughout the embolus. F, At ϫ10 magnification, erythrocytes and fibrin strands are arranged in a layer-by-layer manner in the red embolus (MSB, bar ϭ 200 m).
Fig 6.
A, A layer of fibrin is formed on the surface of the thrombin-induced bovine EA against the silicone tubing (star). MSB staining, bar ϭ 10 m. B, EA has a homogeneous structure, and is mainly composed of erythrocytes (shown in yellow) with fibrin clumps dispersed in it (arrows, bar ϭ 10 m). The corresponding SEM findings are presented in C (ϫ5000) and D (ϫ1000), respectively. E, Secondary electron image of the bovine EA with barium sulfate (ϫ20 000). F, Mixed secondary and backscattered electron image of barium sulfate agglomerates (ϫ20 000).
Fig 5.
A, Comparisons of thromboemboli from CEA and AIS in terms of E 0%-75% and E 75%-95% . Large variations are observed in the CEA groups. B, Strain recovery and length change of one of the thromboemboli during the stress relaxation test. The specimen has an initial length of 1.5 mm and was compressed to 60% strain for 5 minutes. Increases in length and strain recovery are seen after the load is removed.
dark reddish brown, aged thromboemboli had highly compact structure. These samples lacked elasticity and were prone to fragment (observed during sample preparation for DMA and SEM analyses), which could be associated with the protein degradation of these aged materials. This experience was concordant with the previous findings that aged thrombi provided little resistance to mechanical thrombectomy. 25 The red thromboemboli retrieved from the AIS patients were soft and elastic. Compared with aged specimens, the red thromboemboli were less likely to fragment. The central challenge to preclinical clot modeling is the fundamental difference between EAs and the human material that they are intended to represent. In the future, to be able to identify which thrombectomy technology is best suited for an embolus of prescribed mechanical properties, it will be necessary to test these devices with a large variety of EAs that span a large range of stiffness and elasticity.
To address this challenge, we prepared EAs by using blood from different species under different clotting conditions that produced variations in stiffness and elasticity. Although these simple EAs have a homogeneous composition and are not structurally representative of the complex human specimens, variations in the bulk mechanical properties were measured and reported. In the development of endovascular recanalization devices in the preclinical setting, the mechanical properties of the EA model alter the device performance. For example, recently an extracranial vascular occlusion model using barium sulfate-doped EAs was used to evaluate the efficacy of an aspiration thrombectomy device. 12 The applied force from the aspiration system initially elongated the EA but was not sufficient to retrieve or fragment the EAs. This particular study demonstrated that the device does not reliably produce angiographic recanalization in the described model system. However, data reported in the present study show that barium has a significant effect on the properties of the EA, namely, a significant decrease in elasticity. Use of representative clot models may help to improve the predictive capacity of preclinical evaluation of thrombectomy devices.
Overall, this project has quantified the bulk material properties of EAs commonly used in mechanical revascularization research. It is currently not possible with these models to represent the entire diversity of the human specimens that we measured, and this is the focus of our future research. Our study was limited by a unidirectional compression test to explore the material properties of anisotropic specimens. However, the small size of the thromboemboli makes it difficult to measure the hardness and elasticity in different directions. It is important to note that 1) the modulus presented in this study is only for comparison due to the use of the sandpaper; and 2) unlike polymer and other synthetic materials, the stiffness of the biologic tissue may depend on strain. The elasticity of the calcified thromboemboli was not available in this study. The force required to cause 60% strain on the calcified thromboemboli exceeded the limitation of our equipment due to the high stiffness of these samples. Despite these limitations, we were able to fully characterize common EAs used in the laboratory and compare them with the thromboemboli they are intended to represent. Precise characterization of EAs is an important element to proper preclinical evaluation of thrombectomy devices. Impact of thrombin and barium sulfate on the average stiffness (E 0%-75% and E 75%-95% ) and elasticity of the bovine, human, and porcine EAs and area under the S-S curve.
Conclusions
Differences in structure and composition were observed between EAs and human thromboemboli. Recalcified porcine EAs and thrombin-induced human EAs (5 NIHU/mL blood) were similar to cerebral thromboemboli retrieved from patients with AIS in terms of stiffness and elasticity. There was no significant variation between the stiffness of the material collected at CEA and thrombin-induced bovine (2.5 and 5 NIHU/mL blood) or porcine (5 NIHU/mL blood) EAs. Addition of barium sulfate for radio-opacity in the EAs dramatically reduces the elasticity. Fully characterized EAs with known mechanical properties are now available for preclinical evaluation of thrombectomy devices.
